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Abstract 
For understanding the macroscopic mechanical property of polycrystalline metal from a microscopic point of view, 
analysis of interaction between grain boundary (GB) and dislocations are very important. Especially, the driving force  
of each dislocation must be evaluated precisely, to apply the dislocation dynamics method to the plastic deformation 
analysis. While the driving force for the grain rotation is estimated as the gradient of the function of grain boundary 
(GB) energy with respect to the misorientation angle, GB-dislocation interactions are very important to understand 
grain rotation mechanism from a microscopic viewpoint. In this paper, generalized GB energy of GB-dislocation 
system is evaluated by using the extended finite element method with solving the problem of dislocation - 
disclination system. First, the comparison between the results of disclination model and atomistic model is discussed. 
Then, the strain energy of the GB-dislocation system is studied to evaluate the driving force of the dislocation motion. 
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1. Introduction 
Plastic deformation of polycrystalline materials is mainly due to the motion of dislocations. Therefore, 
their macroscopic mechanical properties are strongly governed by the existence of an obstacle on the path 
of the dislocation motion. The strongest obstacle must be a grain boundary, which is the interface of two 
crystal grains with different crystal orientations. On the other hand, when the grain size decreases to 100 
nm, it is difficult to maintain the dislocation sources, dislocation cells, and subgrains in grains. Then, it is 
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assumable that a grain boundary plays the role of a dislocation source and sink. Consequently, it is 
important to understand the interaction between dislocations and the grain boundary.  
There is quite a few literature to research the grain boundary (GB) characteristics using computer 
simulations. GB energy (GBE) is one of the important characteristics of GB. The GBE is closely related 
to the excess free volume and is sensitive to the local atomic configurations. Recently, the first-principles 
calculation to obtain the local energy and stress density has been improved to applied to GB system. Ideal 
fracture and shear strength of GB can be evaluated using GBE. The dependence of GBE on the 
misorientation angle will give us the information about the driving force of the mechanism of 
crystallographic rotation of grains [2]. In this paper, generalized GB energy of GB-dislocation system is 
evaluated by using the extended finite element method with solving the problem of dislocation – 
disclination system. First, the comparison between the results of disclination model [3] and atomistic 
model is discussed. Then, the strain energy of the GB-dislocation system is studied to evaluate the driving 
force of the dislocation motion.  
2. Theory and analysis model 
2.1. Disclination theory and extended FEM 
Both the experimental and computational results confirm the fact that there appear several cusps on the 
curve of GBE as a function of misorientation-angle, at which the GBE are locally minimal and the stable 
atomic structure called GB structure unit is formed. The GB between two cusps is usually constructed by 
the combination of corresponding two diIIerent structural units. The disclination theory [3, 4] expects that 
the GBE is closely related to the elastic interaction of GB structure units. On the other hand, in order to 
smoothly introduce discontinuous relative displacement due to disclination, the FEM extended by using 
Partition of unity (PU) method (X-FEM) [5] is modified.  
2.2. Evaluation of Peach-Koehler force of dislocation 
The Peach-Koehler force of each dislocation is evaluated by using stress V and displacement u around 
the dislocation [5]. A smooth function q(r) with respect to the distance r from dislocation core is used for 
the domain integral calculation, as shown in Fig.1. (a). 
Two opposite-signed dislocations are located on diIIerent slip planes in simply supported region as 
shown in Fig.1. (b). In the analysis, geometric parameters are as follows: L  11.8 10෥9m, he L/30, ri 
3he, ro 4he, L1 (10 ෥n)L/10, L2 nL/10, y1 y2 L/4. For the case of n  1 ฏ9, Peach-Koehler force is 
estimated by X-FEM and superposition method using analytical solutions. 
2.3. Dislocation – GB interaction 
The extended finite element method (X-FEM) is modified to deal with the discontinuity of disclination 
field. While small angle grain boundaries are modeled by dislocation array, large angle boundaries are 
modeled by disclination dipoles. Then, the interaction between dislocation and grain boundary is analyzed. 
The positions of slip planes(case 1, or 2), signs of Burgers’ vector of isolated dislocation (, or ෥) are 
varied. Free surface boundary condition (Traction free boundary condition) is adopted for simply 
supported condition. The result is compared the result under constraint displacement condition on top and 
bottom surfaces (fixed boundary condition). These 8 cases are analyzed. 
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Fig.1. Analysis model: (a) Function q as a function of distance r from the core; (b) Two dislocations in a simply supported elastic 
body 
3. Analysis examples 
3.1. GB energy vs. misorientation angle 
The case of T 133თis analyzed, in which the periodic GB structure consists of two GB structural units 
(GBSUs) of 129.5თ, called GBSU-1, and one GBSU of 180თ, called GBSU-2. 
Figure 2. (a) shows the relationship between GBE and misorientation angle. There is quantitative 
diIIerence in the results of atomistic and disclination models. The relation between GBE and the sequence 
of the GBSUs (e.g., “111212”, “111122”, etc.) using disclination model, however, quantitatively 
corresponds to that using atomistic model. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Shear stress distribution  Vxy near 133ƕ tilt grain boundary:(a) Relation between grain boundary energy  
 and misorientation angle T; (b) Atomistic analysis; (c) Disclination analysis 
 
Figures 2. (b) and (c) shows the distribution of shear stress Vxy in the case of T 133თ, for the case of 
four GBSU-1s and two GBSU-2s; “111122”. 
Results of disclination model agree well with that of atomistic model using EAM potential. In the 
distributions obtained using both methods, the stress distribution of dislocation core Vxy is observed in the 
vicinity of grain boundary dislocations; in the area distant from a grain boundary, the shear stress 
becomes zero because long-range stress fields in that area generated by grain boundary dislocations are 
vanished each other. 
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3.2. Peach-Koehler force of dislocation 
Shear stress distribution is analyzed using the superposition method [6] and the X-FEM. In Fig.3.(a), 
the shear stress Vxy distributions obtained using these methods are compared for n  1, 3, 5. The results 
using both methods agree well with each other except in the vicinity of dislocation cores. 
The Peach-Koehler forces at the case corresponding to n  1 ฏ9 are plotted in Fig.3.(b). When 
dislocation is far from free surface, the result of X-FEM agrees well with that of superposition method. 
However, in the vicinity of free surface (n  1, 9), there is disagreement. This disagreement is caused by 
overlapping between numerical integration area and free surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. (a) Stress Vxy distribution for n  1,3,5; (b) Peach-Koehler force Fl calculated by X-FEM and by superposition 
3.3. Dislocation – GB interaction in finite body 
The extended finite element method (XFEM[5]) is formulated to deal with the discontinuity of 
disclination and it is adopted to study the interaction between dislocation and GB. 
 
 
 
 
 
 
 
 
 
 
 
                                            (a)                                                (b) 
Fig.4. Dislocation - GB interaction: (a) Strain energy due to the interaction of dislocation and GB; (b) Deformed mesh and shear 
stress for simply-supported boundary condition 
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Figure 4.(a) shows the relationship between strain energy and position of dislocation measured from 
the free surface. The slope of these curve correspond to the Peach-Koehler force. When the dislocation is 
located near the free surface, attractive force from the image dislocation works. The force between 
dislocation and GB depends on the position of slip plane and the sign of Burgers’ vector as well as 
boundary constraints. Fig.4.(b) shows shear stress distribution Vxy on the deformed mesh. 
Figures 5-7 show the shear component Vxy of stress. The stress distribution due to dislocation - GB 
interaction depends on the boundary constraint.  
 
4. Conclusions 
The Peach-Koehler force is evaluated for a simple model. When dislocation is far from free surface, the 
Peach-Koehler force obtained by X-FEM agrees well with that of superposition method. 
By using the grain boundary dislocation model including an extrinsic dislocation on a grain boundary, 
the stress field was calculated by the X-FEM. The Peach-Koehler force due to the interaction between 
dislocation and GB is estimated qualitatively via measure of slope of strain energy. The force between 
dislocation and GB depends on the position of slip plane and the sign of Burgers’ vector as well as 
boundary constraints. 
Since the X-FEM does not use the analytical solution of a dislocation problem, it can easily calculate 
the stress field of anisotropic materials. Disclination model can be developed to a multiscale defect 
dynamics model extended from a discrete dislocation model [6, 7]. It has potential to be a coarse-grained 
model of atomistic model in a multiscale analysis which is promising to reveal the deformation 
mechanism of polycrystalline structure.Copyright 
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Fig.5. Dislocation - GB interaction (A small tilt angle GB): (a) case1(+) Traction-free boundary; (b) case1(+) Fixed boundary 
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Fig.6. Dislocation - GB interaction (A small tilt angle GB):  (a) case2(-) Traction-free boundary; (b) case2(-) Fixed boundary 
 
 
 
 
 
 
Fig.7. Dislocation - GB interaction (A large angle GB): (a) case2(+) Traction-free boundary; (b) case2(+) Fixed boundary 
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